More than 135 million births occur each year; yet, the molecular underpinnings of human 2 parturition in gestational tissues, and in particular the placenta, are still poorly understood. The 3 placenta is a complex heterogeneous organ including cells of both maternal and fetal origin, and 4 insults that disrupt the maternal-fetal dialogue could result in adverse pregnancy outcomes such as 5 preterm birth. There is limited knowledge of the cell type composition and transcriptional activity 6 of the placenta and its compartments during physiologic and pathologic parturition. To fill this 7 knowledge gap, we used scRNA-seq to profile the placental villous tree, basal plate, and 8 chorioamniotic membranes of women with or without labor at term and those with preterm labor. 9
7
chorioamniotic membranes is shown in Figure 2B and Video S1. LYVE1 was also expressed by 1 the fetal macrophages present in the placental villi and basal plate ( Figure 2C ), yet was only 2 visualized by immunostaining in immune cells located in the villous tree (Figure 2A ). Other genes 3 highly expressed by LED cells were CD34, CDH5, EDNRB, PDPN, and TIE1 ( Figure 2C, S7) . 4
This finding conclusively shows the presence of lymphatic vessels in the decidua parietalis of the 5 chorioamniotic membranes, providing a major route for maternal T cells infiltrating the maternal-6 fetal interface 29 . 7 8 For cell types that were present in more than one placental compartment, major differences in gene 9 expression were identified across locations, indicative of further specialization of cells depending 10 on the unique physiological functions of each microenvironment ( Figure S8 and Table S4 ). 11
Differences in the transcriptional profiles were particularly large for maternal macrophages as well 12
as EVTs, NK cells, and T cells in the chorioamniotic membranes compared to the other 13 compartments. Genes differentially expressed in the chorioamniotic membranes were enriched for 14 interleukin, Toll-like receptor, and the NF-κB and TNF signaling pathways ( Figure S9 -S11). These 15 results are consistent with previous reports showing a role for these mediators in the inflammatory 16 process of labor . Conversely, the placental villous and basal plate were more similar to each 17 other, with most differentially expressed genes (DEG) between these compartments being noted 18 in fibroblasts (335 DEG, q<0.1 and fold change >2) ( Figure S8 , S12-S17). DEGs in the placental 19 villous fibroblasts showed enrichment in smooth muscle contraction, apelin and oxytocin signaling 20 pathways ( Figure S16 ); while DEGs in CAM fibroblasts were enriched in elastic fiber formation 21 and extracellular matrix pathways ( Figure S9 ). 22 23 8 Next, we assessed changes due to term and preterm labor in each cell type (Table S5 ). The largest 1 number of DEGs between the term labor and term no labor groups were observed in the maternal 2 macrophages (macrophage 1), followed by the EVT (144 and 37, respectively, q<0.1; Figure 3A ). 3
The largest number of DEGs between the preterm labor and term labor groups were observed in 4 EVT and CTB (37 and 33, respectively, q<0.1; Figure 3A ). Figure 3B displays the gene expression 5 changes between TIL and TNL or PTL and TNL that are shared between the two labor groups, 6
representing the common pathway of parturition (defined as the anatomical, physiological, 7 biochemical, endocrinological, immunological, and clinical events that occur in the mother and/or 8 fetus in both term and preterm labor 52 ). Non-shared differences in gene expression with labor at 9 term and in preterm labor were mostly observed in trophoblast cell types such as CTB and EVT 10 as well as in stromal cells ( Figure 3C ). Some of these changes may be explained by the unavoidable 11 confounding effect of gestational age since placentas from women without labor in preterm 12 gestation cannot be obtained in the absence of pregnancy complications. Specifically, the 13 expression of NFKB1 by maternal macrophages was higher in labor at term compared to TNL, 14 and this increase was further accentuated in preterm labor ( Figure 3D ). Consistently with the 15 induction of the NFκB pathway, the labor-associated DEGs in macrophages involved biological 16 processes such as activation of immune response and regulation of cytokine production (Figure 17 S18A). When comparing the effect sizes between the PTL/TNL and TIL/TNL juxtapositions on 18 the same gene and cell type, positive correlations were observed for most of the placental cell types 19 ( Figure 3E ). Genes displaying differential effects in term and preterm labor are mostly found in 20 trophoblast cell types (see off-diagonal points in the scatter plot), which may be explained by the 21 phenomenon of gene expression decoherence 53 . This lack of proper correlation between 22 biomarkers to their expected normal relationships is commonly found in pathological conditions. 23 9 Lastly, in EVT the DEGs with labor were enriched for genes implicated in cellular response to 1 stress, including the WNT and NOTCH pathways, as well as cell cycle checkpoints ( Figure S18B ), 2 further supporting the hypothesis that the cellular senescence pathway (i.e. cell cycle arrest) 3 implicated in the physiologic 54,55 and pathologic 56,57 processes of labor. 4 5 To demonstrate the translational value of single-cell RNA signatures derived from the placenta, 6
we conducted an in silico analysis in public datasets 58, 59 to test whether the single-cell signatures 7 could be non-invasively monitored in the maternal circulation throughout gestation ( Figure 4A ). 8
Previous studies have correlated bulk mRNA expression in the maternal circulation with 9 gestational age at blood draw 58,60 , risk for preterm birth 59,61-63 , or both 64,65 . First, we showed that 10 the single-cell signatures of macrophages, monocytes, NK cells, T cells, npiCTB, and fibroblasts 11 are modulated throughout gestation in the maternal circulation ( Figure 4B -C, S19A). These results 12 validate the T-cell and monocyte signature changes with gestational age that were previously 13 reported 23,58 ; yet, here we show that novel placental single-cell signatures (e.g., npiCTB and 14 fibroblast) can also be non-invasively monitored in maternal circulation ( Figure S19A ). In 15 addition, for the first time, we report that the single-cell-derived NK-cell and activated T-cell 16 signatures were upregulated in women with spontaneous labor at term compared to gestational-17 age matched controls without labor ( Figure 4D ). Importantly, at 24-34 weeks of gestation, we 18 found that the single cell signatures of macrophages, monocytes, activated T cells, and fibroblasts 19 were increased in the circulation of women with preterm labor and delivery compared to 20 gestational age-matched controls ( Figure 4E and S19B). These findings are in line with previous 21 reports indicating a role for these immune cell-types in the pathophysiology of preterm labor 29,66-22 68 . 23 1 In summary, this study provides evidence of differences in cell type composition and 2 transcriptional profiles among the basal plate, placental villi, and chorioamniotic membranes, as 3 well as between the pathologic and physiologic processes of labor at single-cell resolution. Using 4 scRNAseq technology, two novel cell types were identified in the chorioamniotic membranes and 5 placental villi. In addition, we showed that maternal macrophages and extravillous trophoblasts 6 are the cell types with the most transcriptional changes during the processes of labor. Lastly, we 7 report that maternal and fetal transcriptional signatures derived from placental scRNA-seq are 8 modulated with advancing gestation and are markedly perturbed with term and preterm labor in 9 the maternal circulation. These results highlight the potential of single-cell signatures as 10 biomarkers to non-invasively monitor the cellular dynamics during pregnancy and to predict 11 obstetrical disease. The current study represents the most comprehensive single-cell analysis of 12 the human placental transcriptome in physiologic and pathologic parturition; yet, additional studies 13 are needed to characterize the different etiologies of the preterm labor syndrome. 14 15 1 Gynecol 181, 1530-1536 (1999 
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